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Objective(s): Sepsis can result in severe organ injury by provoking inflammatory cascades and 
oxidative stress. Several studies are currently underway to find a drug with anti-inflammatory effects 
to prevent mortality and morbidity during sepsis. The present study was undertaken to assess the 
effects of metformin on oxidative stress and antioxidant status in sepsis induced by the Cecal Ligation 
and Puncture (CLP) method. 
Materials and Methods: Male Wistar rats were divided into 4 groups (n=10): sham, CLP, and 50 and 100 mg/
kg metformin-treated CLP groups. After 12 hr, blood samples were collected and lung tissue was removed for 
histopathological study to detect tissue damage and degree of inflammation based on neutrophil infiltration 
and assay of the oxidative stress biomarkers superoxide dismutase (SOD), total antioxidant capacity (TAC), 
malondialdehyde (MDA), myeloperoxidase (MPO), glutathione peroxidase (GPx), and plasminogen activator 
inhibitor‐1 (PAI‐1).
Results: The MPO activity and MDA level were decreased in the metformin-treated groups (P<0.05). 
Moreover, the groups receiving metformin showed lower inflammation scores than the CLP group 
(P<0.05). No significant differences in SOD, GPx, or PAI in the different groups were observed. The TAC 
level was reduced in the CLP group compared to the sham group (P<0.05), and interestingly, this value 
was reduced even further in the metformin-treated groups (P<0.05 compared with the CLP group).
Conclusion: It was concluded that metformin protects lung tissue against sepsis-induced oxidative 
damage, and this protective effect may be more related to its anti-inflammatory and reduced 
neutrophil accumulation and less to its anti-oxidative properties.
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Introduction
Sepsis is a systemic inflammatory response to 

infection, which is a major reason for morbidity and 
mortality in a critical care setting. Despite improvements 
in critical care management, sepsis is a considerable 
health problem worldwide (1). In the United States, one 
epidemiological study revealed that during 1979–2000, 
the total number of sepsis-related mortalities rose 
from 22 to 44 per 100,000 population (2). Although 
the pathophysiology of sepsis is not well understood, 
monocytes orchestrate the innate immune system 
response to various noxious insults, especially bacterial 
infections, by expressing a wide range of pro- and anti-
inflammatory cytokines (3) and producing free radicals 
such as reactive oxygen species (ROS) (4). Moreover, the 
endotoxin derived from g-negative bacteria is associated 
with an oxidant-antioxidant imbalance that appears 
as endothelial damage, neutrophil reinforcement, and 
mitochondrial injury (5). In addition to Gram-negative 
bacteria-evoked direct tissue damage, it has been 
suggested that the most important component of injury 

during sepsis is mediated by the host’s inflammatory and 
hemostatic responses to the sepsis-induced infection (6, 
7).

Metformin is an oral anti-hyperglycemic drug that is 
regularly prescribed as a first-line drug therapy for type 2 
diabetes mellitus. Metformin is an insulin sensitizer that 
reduces blood sugar through the induction of peripheral 
glucose uptake and decreasing hepatic gluconeogenesis 
(8, 9). The principal molecular target of metformin is 
the intracellular adenosine monophosphate-activated 
protein kinase (AMPK) enzyme (10). AMPK is a serine/
threonine kinase that is activated by an increase in 
the AMP/ATP ratio and involved in the metabolism 
of carbohydrates and fat (11). It is activated by 
exercise, oxidative stress, hypoxia, and ischemia (12). 
In addition to its catabolic effects, AMPK has been 
described to play an important role in inflammation 
and the treatment of inflammation-related disorders 
(13-16). Different lines of evidence have indicated 
that through AMPK activation, metformin produces a 
potent anti-inflammatory response both in vivo and in 
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vitro (16-19). It has also been reported that metformin 
attenuated hepatic inflammation in human and animal 
models of nonalcoholic steatohepatitis with attenuating 
tumor necrotic factor-alpha (TNF-α)-induced pro-
inflammatory response in the liver (20-22). In addition, 
researchers reported that metformin protected the liver 
against early damage caused by post-surgical sepsis 
and blunted LPS-induced damage (16). Interestingly, 
Tsoyi et. al. showed that metformin decreased the 
expression of LPS-induced inflammatory genes and pro-
inflammatory cytokines in vitro (18). Furthermore, the 
protective effects of metformin on LPS-induced innate 
immunity in rat hearts were recently demonstrated 
(23).

The experimental model of sepsis is a useful tool 
for investigating the beneficial effects of drugs during 
sepsis and for identifying potential new therapies to 
reduce sepsis-associated morbidity and mortality. Cecal 
Ligation and Puncture (CLP) is a model of polymicrobial 
sepsis, characterized by the presence of multiple 
enteric species within 18–20 hr, which closely emulates 
human polymicrobial sepsis (24). The present study 
investigated the influence of metformin on oxidative-
stress biomarkers and histopathological changes of lung 
tissue in the rat model of CLP.

Materials and Methods
Animals

Male Wistar rats (weight range: 270–300 g) were 
bought from Razi Institute, Tehran, Iran. The animals 
were kept at controlled ambient temperature (23±2 °C) 
in a standard polypropylene cage (four rats per cage), 
and housed under a 12 hr light/dark cycle with access 
to food and water ad libitum. Afterward, the rats were 
randomly allocated into four experimental groups 
(n=10). All experiments were carried out according 
to guidelines for the care of laboratory animals by the 
research affairs of Tabriz Medical Sciences University.

Grouping
Forty male Wistar rats were randomly allocated into 

four groups: sham-operated group, CLP group, and CLP 
operated group receiving metformin (50 and 100 mg/
kg). Needless to say that the chosen dose of metformin 
was selected based on the previous studies (17, 25). 

Drug administration
Metformin (Osveh Pharmaceutical Inc., Tehran, 

Iran) was dissolved in normal saline and injected 
intraperitoneally (IP) at a volume of 0.5 ml 2 hr after 
completion of the surgery. Under the same conditions, 
the sham-operated and the CLP groups received 0.5 ml 
normal saline. 

Cecal ligation and puncture 
For the CLP operation, animals were anesthetized 

with IP administration of ketamine and xylazine (90 and 
10 mg/kg body weight, respectively). A 2-cm incision 
was made in the lower abdomen to expose the cecum. 
The cecum was externalized and ligated with 4-0 silk 
just below the ileocecal valve. The cecum was punctured 
once in the middle with a sterile 18-gauge needle. In 
order to ensure that the wound was patented, the cecum 

was squeezed to extrude a small amount of stool into 
the peritoneal cavity. The cecum was placed back and 
the abdominal cavity was then closed with sutures. 
Rats were resuscitated with subcutaneous injection of 
normal saline (3 ml/100 g body weight, 37 °C) follow by 
15 min incubation at 37 °C. The sham-operated control 
animals were treated in an identical manner, but no 
surgical manipulation of the cecum was performed (24). 
12 hr after CLP, rats were euthanized by an overdose of 
pentobarbital and after blood sampling through cardiac 
puncture, the lungs were harvested and rinsed in cool 
normal saline. One part of the harvested lungs was used 
for histological examination and the other parts were 
kept at -70 °C for biochemical analysis.

Histopathological study
For the histopathological study, immediately after 

harvesting the pulmonary tissue, it was fixed in a 
10% formalin solution for 24 hr, dehydrated by an 
increasing concentration of alcohol series, and cleared 
by xylene series. After histological processing, the 
tissue was fixed in paraffin and split to a thickness of 4 
μm using a microtome. The lung sections were stained 
with hematoxylin-eosin (H&E). After staining, an 
experienced pathologist blinded to treatment evaluated 
the lung processed samples under light microscopy and 
scored them based on the degree of inflammation and 
neutrophil infiltration. The severity of tissue injury was 
scored as follows: 1: normal; 2: mild; 3: moderate; and 
4: severe.

Determination of plasma plasminogen activator 
inhibitor (PAI) level 

Plasma plasminogen activator inhibitor (PAI) level 
sustainably rises following sepsis and confers a worse 
prognosis. In order to evaluate the PAI plasma level, 
blood samples were collected in heparinized tubes 
12 hr after the CLP via cardiac puncture. The samples 
were centrifuged at 2000 rpm for 10 min and the 
plasma separated and stored at –70 °C. PAI-1 levels 
were quantified by a highly sensitive rat ELISA kit 
(Glory Sciences, USA), according to the manufacturer’s 
instructions and the results were presented as ng/ml. 

Determination of malondialdehyde (MDA) level of 
plasma and lung tissue

MDA, which is the main by-product of 
polyunsaturated fatty acid oxidation, is a known 
biomarker of lipid peroxidation principally induced by 
ROS. The MDA concentration in plasma and lung tissue 
was determined using the Thiobarbituric Acid-Reactive 
Substance (TBARS) assay. In this method, MDA reacts 
with thiobarbituric acid to produce a pink color and its 
absorbance is measured spectrophotometrically at 532 
nm. The MDA level was expressed as nmol/ml tissue 
extract normalized to protein content of the sample 
(nmol/ml tissue extract/mg protein) for tissue MDA and 
nmol/ml of plasma for plasma MDA (26).

Determination of myeloperoxidase (MPO) activity of 
lung tissue

MPO activity, a unique marker of neutrophil 
inflammation, was measured according to the method 
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of Bradley et al. (27). In brief, the lung tissue was 
homogenized in a solution containing 0.5% (w/v) 
hexadecyl-trimethyl-ammonium-bromide (HTAB) dissolved 
in 50 mM potassium phosphate buffer (pH=6) in an ice 
bath using a Polytron homogenizer (50 mg tissue/ml; 3 
min at 8500 rpm). The homogenate was freeze-thawed 
three times and sonicated for 10 sec, then centrifuged 
at 4500 rpm at 4 °C for 45 min. The supernatant (100 
μl) or standard (Sigma, Germany) was added to 2.9 ml 
of phosphate buffer (50 mM; pH=6) including 0.167 
mg/ml of O-dianisidine dihydrochloride and 0.0005% 
hydrogen peroxide. Five mins later, the reaction was 
stopped after addition of 0.1 ml of 1.2 M hydrochloric acid 
and absorbance was measured spectrophotometrically 
(Cecil 9000, Cambridge, UK) at 400 nm. MPO activity 
was defined as the quantity of enzyme degrading 1 μmol 
peroxide/min at 37 °C. Values are expressed as units of 
MPO activity per mg weight of wet tissue (U/mg). 

Determination of superoxide dismutase (SOD) level of 
lung tissue

Superoxide is a component of antioxidant response 
and catalyzes the conversion of superoxide anions 
to hydrogen peroxide. To determine the SOD level, 
the rat lung tissues were homogenized in a KCl 
solution and then centrifuged and the supernatants 
were used for SOD assay according to the method of 
Paoletti et al. (28). In this method, superoxide anion is 
generated from molecular oxygen in the presence of 
Ethylenediaminetetraacetic acid (EDTA), manganese 
(II) chloride, and mercaptoethanol. Nicotinamide 
adenine dinucleotide phosphate (NADPH) oxidation 
is linked to the availability of superoxide anions in the 
medium. The change in absorbance at 340 nm was 
monitored spectrophotometrically. The enzyme activity 
was reported as units per ml of extract normalized to 
protein content of the sample (unit/ml tissue extract/
mg protein).

Determination of glutathione peroxidase (GPx) level 
of lung tissue

GPx plays a major role in the regulation of 
inflammatory processes, including protection against 
ROS. GPx activity was measured according to the method 
of Paglia and Valentine (29). The lung tissues were 
homogenized in a KCl solution and were then centrifuged 
and the supernatants were used for GPx assay. GPx 
catalyzes the oxidation of glutathione by cumene 
hydroperoxide. In the presence of glutathione reductase 
and NADPH, the oxidized glutathione is reduced with 
a concomitant oxidation of NADPH to NADP+. Tissue 
GPx was measured by the Randox commercial kit and 
the change in the absorbance at 340 nm was monitored 
spectrophotometrically. Activity was given in units 
per ml of extract normalized to protein content of the 
sample (unit/ml tissue extract/mg protein).

Determination of total antioxidant capacity (TAC) of 
whole blood 

In this assay, 2,2’-azinobis-(3-ethylbenzothiazoline-
6-sulfonate) (ABTS) is incubated with a peroxidase 
(metmyoglobin) and H2O2 to produce the radical cation 
of ABTS. This species has a relatively stable blue-green 
color, which is measured at 660 nm. Sample antioxidants 

cause suppression of this color production to a degree 
that is proportional to antioxidant concentration (30).

Statistical evaluation
Data are expressed as mean±SD. The normal 

distribution of data was evaluated by Kolmogorov–
Smirnov test. One-way ANOVA was used to find out 
differences between the groups. In the case of significant 
difference in ANOVA analysis, Tukey post hoc test was 
performed. Differences were considered significant at 
P<0.05.

Results
Histopathological study

Semi-quantitative data analysis of histopathological 
examinations of sections taken from lung tissue is 
demonstrated in Figure 1. Significant differences were 
found in the control group in comparison to the 
sham group, which represent the CLP procedure-
induced tissue damage and inflammation (P<0.05). 
Metformin treatments (50 and 100 mg/kg) reduced 
the inflammation score compared to the control group 
(P<0.05).

Plasma concentration of PAI-1 
The plasma concentrations of PAI-1 in the different 

groups were determined using the ELISA method 12 hr 
following the CLP. As depicted in Figure 2, there were no 
significant differences between the different groups in 
PAI-1 plasma levels. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. The histopathological examination of the lung tissue based 
on inflammation scores 12 hr after CLP. Metformin was administrated 
2 hr after completion of the CLP surgery (50 and 100 mg/kg, IP). Data 
are expressed as mean±SD (n=10). *P<0.01 from the sham group; 
#P<0.05 from control group using one way ANOVA with Tukey’s post-
hoc test

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. The plasma concentration of PAI-1 12 hr after CLP. Metformin 
was administrated 2 hr after completion of the CLP surgery (50 and 
100 mg/kg, IP). Data are expressed as mean±SD (n=10) and analyzed 
by one way ANOVA
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Plasma and pulmonary MDA concentrations
MDA concentrations in the lung tissues of different 

groups and in plasma are presented in Figure 3. 
CLP in the control group significantly increased the 
MDA content in tissues as compared with the sham 
group (P<0.05, Figure 3a). Metformin (in both doses) 
attenuated the CLP-induced increase in MDA levels 
compared to the control group; however, the reduction 
did not reach a significant level (P>0.05, Figure 3a). 
There was no difference in MDA plasma concentration 
between the groups (Figure 3b).

Pulmonary MPO activity levels
The CLP-induced pulmonary injury was accompanied 

by increased MPO activity, which is a sign of neutrophil 
infiltration. 12 hr after the operation, MPO levels were 
significantly higher in the control group than in the 
sham group (P<0.05, Figure 4). The effect of metformin 
on MPO activity was also examined at this time point. 
Metformin at the doses of 50 and 100 mg/kg significantly 
suppressed the elevation of MPO activity (P<0.05). 

Pulmonary GPx and SOD Levels
The effect of the CLP procedure and metformin 

treatments on the tissue levels of GPX and SOD activity

Figure 5. The Glutathione Peroxidase (GPx) activity of lung tissues 12 
hr after CLP. Metformin was administrated 2 hr after completion of the 
CLP surgery (50 and 100 mg/kg, IP). Data are expressed as mean±SD 
(n=10) and analyzed using one way ANOVA

were evaluated. As is summarized in Figures 5 and 
6, respectively, there were no significant differences 
between groups in tissue SOD and GPx enzyme activity 
(P>0.05).

TAC of blood
The results revealed a significant decrease in the 

blood TAC levels of the control group compared to the 
sham group (P<0.05, Figure 6). Interestingly, TAC levels 
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Figure 3. A: The MDA concentration in lung tissues 12 hr after CLP. Metformin was administrated 2 hr after completion of the CLP surgery (50 and 
100 mg/kg, IP). B: The plasma level of MDA 12 hr after CLP. There were not any differences in MDA plasma concentration among groups. Data are 
expressed as mean±SD (n=10). *P<0.01 from the sham group using one way ANOVA with Tukey’s post-hoc test

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. The myeloperoxidase activity (MPO) of lung tissues 12 hr 
after CLP. Metformin was administrated 2 hr after completion of the 
CLP surgery (50 and 100 mg/kg, IP). Data are expressed as mean± 
SD (n=10). *P<0.05 from the sham group; #P<0.05 from control group 
using one way ANOVA with Tukey’s post-hoc test

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. The Superoxide Dismutase (SOD) activity of lung tissues 12 
hr after CLP. Metformin was administrated 2 hr after completion of the 
CLP surgery (50 and 100 mg/kg, IP). Data are expressed as mean ± SD 
(n=10) and analyzed using one way ANOVA
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Figure 7. Total antioxidant capacity (TAC) of blood 12 hr after CLP. 
Metformin was administrated 2 hr after completion of the CLP surgery 
(50 and 100 mg/kg, IP). Data are expressed as mean±SD (n=10). 
*P<0.05 from the sham group; #P<0.05 from control group using one 
way ANOVA with Tukey’s post-hoc test

were significantly reduced in the blood of rats treated 
with metformin compared to the control group (P<0.05, 
Figure 7). 

Discussion
In line with our efforts to find new indications for old 

drugs (31, 32) in sepsis management, the effects of two 
different doses of metformin (50 and 100 mg/kg) on 
a rat model of polymicrobial sepsis were investigated. 
The results demonstrated the salutary properties of 
metformin in an animal model of sepsis. Metformin 
significantly improved CLP-induced pulmonary histological 
damage, hampered lipid peroxidation, and diminished 
neutrophil infiltration, which is indexed as decreased 
MPO activity. Moreover, the reduction of CLP-induced 
pulmonary injury by metformin was associated with 
the decreased leucocyte infiltration observed in the 
histological inspection. The most suitable animal model 
of sepsis, the CLP, was used in this study, as it appears 
to be the most representative of the clinical situation of 
human sepsis (24). 

Sepsis results from the immense triggering of the 
body’s immunity mechanisms by invading micro-
organisms which is characterized by an extensive 
inflammatory response (33), multiorgan dysfunction, 
and tissue ischemia/reperfusion injuries (34). 
Previously, it has been reported that metformin has 
beneficial effects on endotoxin-induced liver and heart 
injuries (16, 23) and improves survival in a mouse 
model of lethal endotoxemia (18). The current findings 
were in accordance with the results of studies on 
the anti-inflammatory effects of metformin. Despite 
accumulating data concerning the anti-inflammatory 
role of metformin, its exact mechanism(s) at the cellular 
level is not clearly known. 

Increased rates of lipid peroxidation and MPO are 
found in rats with sepsis. MPO is stored in some immune 
cells, such as neutrophils. The infiltration and activation 
of neutrophils produce a large number of detrimental 
components (e.g., ROS), leading to the exacerbation 
of inflammation. With respect to the current findings, 
metformin is able to significantly reduce MPO activity 

in pulmonary tissue. This result is inconsistent with 
those of another study, which indicated that metformin 
reduced MPO activity in the left ventricle of rats following 
an isoproterenol-induced myocardial infarction (17). 
Another role of ROS in the progression of inflammation 
and detrimental tissue injury was expressed on the 
raised tissue MDA level, which was significantly reduced 
by metformin. This inhibition of MDA generation and 
lipid peroxidation may help to ameliorate pulmonary 
damage induced by sepsis. 

SOD over-activation in conditions like inflammation 
and sepsis causes the accumulation of H2O2, which can 
generate hydroxyl radicals (OH) (35). However, in the 
current study, SOD was not increased following 12 hr 
after CLP in the septic group compared to the sham 
group. Moreover, GPx protects cytosolic organelles 
from oxidative damage by converting H2O2 to water and 
preventing lipid peroxidation (36). The absence of any 
change in GPx levels found in this study may correlate 
with the SOD results. It is supposed that, since the amount 
of H2O2 was not increased because of any changes in SOD 
levels, the GPx values remained unchanged. Considering 
these results, it seems that the mechanism of metformin 
in reducing sepsis-induced lung injuries is based more 
on reducing the accumulation of neutrophils and MPO 
activity and less on antioxidative and radical scavenging 
effects.

In the present study, TAC, an index of antioxidant 
defense, was used for the widest assessment of 
oxidative status. Changes in TAC levels in patients with 
severe sepsis remain controversial. Some studies have 
suggested that the TAC of serum reflects the severity of 
illness in patients with severe sepsis (37-39). According 
to the current results, serum TAC levels declined in both 
the control and the metformin-treated groups. In sepsis, 
the major pathophysiological challenge, rather than the 
pathogen itself, is the host’s inflammatory response to 
the pathogen (37, 39, 40). The reason for lower TAC is 
not clear but it seems that as inflammatory and oxidative 
factors increase, TAC also increases in parallel in order 
to compensate (39). The decrease in TAC amount in 
metformin-treated groups may be justified because of 
lower oxidative and inflammatory stress.

PAI levels were significantly higher in septic shock 
and severe sepsis patients (41). Metformin was 
demonstrated to be a potent inhibitor of the expression 
of PAI (42); however, this result is not supported by the 
current study. This difference in results can be attributed 
to differences in metformin dose, time, and route of 
administration or differences in the sepsis induction 
method. 

Based on the results obtained in different studies, 
metformin has been proven to be beneficial against 
inflammatory conditions (19, 43). AMPK dependent/
independent pathways are involved in the beneficial 
effect of metformin. A study demonstrated that in 
macrophages, the activation of AMPK by metformin 
resulted in the attenuation of the expression of LPS-
induced pro-inflammatory cytokines and mediators 
(14). 

It is known that sepsis interrupts mitochondrial 
ATP production in response to mitochondrial oxidative 
damage (44), and metformin can modulate this process 
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by activating AMPK. Hence, AMPK is a potential target 
that protects cells from mitochondrial injury and 
attenuates inflammation. Further studies are necessary 
to determine whether these early promising results 
utilizing metformin and other AMPK activators are 
beneficial in controlling sepsis in clinical application.

The anti-inflammatory effects of metformin were 
presented by this study and other research however, 
because of the risk of metabolic acidosis induced by 
metformin especially in sepsis status, we will need more 
evidence about the safety issue of metformin in sepsis to 
use this drug clinically. 

Conclusion 
It is concluded that metformin protects lung tissue 

against sepsis-induced oxidative damage, and this 
protective effect may be related more to its anti-
inflammatory and decreasing neutrophil accumulation 
and less to its anti-oxidative properties.
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